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Abstract

A method is presented for constructing geometric design data from noisy 3-D sensor
measurements of physical parts. A complete 3-D data set have to be produced from sev-
eral partial data sets. Model building tools for free form surfaces as well as irregular and
standard geometric shapes are presented. In particular, NURBS, superellipsoids and
Delaunay triangulations are employed. The data interpretation should be able to map
the recovered shape of the part to appropriate design primitives. The resulting model
description is a procedural CAD model which can represent the structural properties of
a part in addition to low level geometric primitives. Finally, the model is translated to
standard product data exchange format to enable data sharing.

1 Introduction

Sculptured surfaces are widely used, for example, in designing car and ship parts. The
design of free form shapes, however, is relatively time consuming and requires typically
extensive knowledge about the modeling primitives, such as splines. The task could be
made easier by constructing a model automatically using sensory measurements, for
example, from a clay model of a part. We propose here an approach for integrating an
intelligent sensory system into a CAD system in order to produce an initial geometric
model rapidly. The designer should be able modify the obtained model which is often
necessary because the design changes during the development process.

We are employing non-contact optical sensors for data acquisition to be able to
acquire dense data set fast. Dense data are required for modeling sculptured surfaces
accurately. In order to model solid objects we have to obtain a complete 3-D data
set. Laser range finders, however, produce only partial data from a single viewpoint at
the time and the complete data have to be combined from partial data sets acquired
from different viewpoints. The problem requires estimation of relative translation and
rotation parameters between partial data sets obtained from different vantage points as
well as combination of data into a common coordinate frame. The data interpretation
part constructs a geometric model from the data by fitting models. The obtained
representation of the data is compatible with the representations employed in modeling
systems and product data exchange formats.

Our approach constructs procedural CAD models in order to represent low level
geometry of the part as well as convey its overall structure. Structural information is
vital for analysis, simulation and process planning purposes. Procedural models are
also relatively easy to modify. They are also convenient in representing intersections
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of parametric surfaces. The intersection is described in the procedure and it can be
approximated in the level of required accuracy when it is actually needed. The con-
structed model should employ the model primitives used in CAD systems. It must be
translated into standard product data exchange format to enable data sharing, and
consequently, concurrent engineering [5]. The proposed system is depicted as a part of
concurrent engineering environment in Figure 1.
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Figure 1: The proposed system as a part of a concurrent engineering environment.
The CAX processes are Design, Engineering, Process Planning, Manufacturing and
Inspection.

The organization of this paper is as follows. In section 2 we address shape represen-
tation issues in machine vision and CAGD. Section 3 outlines the proposed approach
and describes briefly some methods used in model construction. In section 4 we show
some examples of data interpretation using real and simulated range data. Finally, in
section 5 we conclude and discuss some areas requiring future research.

2 Representation of shape

Constructive Solid Geometry (CSG) and Boundary Representation (B-rep) are widely
used in solid modeling systems [13]. Several CAD-systems are hybrid systems that
employ multiple representations in order to provide efficient tools for different design
tasks and to overcome the shortcomings of each single representation. For instance,
Alpha_1 [1] uses NURBS for designing free form shapes and allows CSG type Boolean
operations on solids as well as design by manufacturing features.

It seems, analogous to the design, that there is no single representation in Computer
Vision that could be used for recovering an appropriate shape description from sensor
data in all situations. In general, the representations can be classified into surface,
volumetric and sweep representations [3]. In order to facilitate modeling of different
shapes from sensor data we are employing multiple representations. An optimal trian-
gulation is generated for modeling polygonal and complicated irregular shapes which
may have arbitrary topology. It can also serve as a worst case representation, if no
other method is appropriate. NURBS are used for modeling free form surfaces because
of their continuity and local control properties. In addition, trimmed surfaces are used
when rectangular arrangement of tensor product surfaces is not suitable. Furthermore,
they are included in IGES product data exchange standard which facilitates data shar-
ing and concurrent engineering. Superellipsoid models are used to detect overall part



structure which allows us to use more efficient model primitives that are helpful in part
analysis and process planning.

3 An overview of the proposed system

The data acquisition is performed by a laser range finder. The accuracy of such sensory
system is suitable for measuring artifacts of large scale. Optical non-contact sensors
measure only from bounding surfaces of an object, hence the interior of solids are
not modeled. A multipart artifact must be disassembled if one wants to produce a
description of the joints as well. Otherwise, data have to be segmented into meaningful
parts. Physical measurements are subject to various noise effects. In the case of laser
range finders, the noise process deviates from Gaussian and the may occur outliers. We
apply nonlinear RLTS filters [8] based on robust estimation theory for separating the
desired part in degraded data from the undesired part while preserving the structure
of the signal.

In order to produce a complete 3-D data set, the transformation between par-
tial data sets have to be estimated and the data combined into common coordinate
frame. This is done by combining the data sets from each viewpoint incrementally. A
method based on iterative closest point procedure [4] is used for solving the rotation
and transformation which minimizes the distances of points from the surfaces in the
model constructed so far. A more thorough description of the view registration and
preliminary experimental results are given in [16, 10].

The 3-D data set is represented as a collection of triangles. In particular, a 2/3 De-
launay triangulation is generated. The triangulation process is based on the algorithm
given in [7]. It is refined so that the accuracy meets a user defined tolerance value [10].
Triangulations convey very little structural information but can be used as a worst case
representation if no other method is appropriate, e.g., in the case of natural objects
that do not consist of smooth surfaces. Moreover, the resulting triangulation can be
used as an input to more advanced surface approximation procedures as well as an
initial mesh for analysis and simulation processes.

The CAD model building strategy is chosen based on the obtained volumetric and
surface data descriptions and their quality. The basic idea is to find out if the part
is approximately a standard primitive solid or has structure such as symmetry. A
superellipsoid model [2, 15] is recovered for each part to capture both overall structure
and global deformations. An implicit equation for superellipsoid surface is defined as
follows:
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where a1, ay, and a3 define the size in x-, y- and z-axis direction. &; and &5 are the
shape (squareness) parameters in the latitude and in the longitude plane, respectively.
The obtained shapes are classified into categories so that an appropriate CAD mod-
eling primitive can be selected [9]. The superellipsoid method does not give the part
dimensions very accurately. In the case of rotationally symmetric objects, for instance,
the accurate dimensions are obtained by fitting conic sections [12].

The surfaces are approximated using NURBS surfaces because of their good conti-
nuity and local control properties. NURBS is defined as a bivariate polynomial function
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of parameters v and v as follows:
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where N, and M;,; are the basis functions, h;; are the weights, and the B; ;’s are the
control points. n and m identify the number of control point vertices in each direction.
The complexity of the underlying surface is determined by a local surface characteri-
zation process. An appropriate size for control point mesh is estimated based on the
number of geometrically homogeneous surface patches detected in the characterization
process [9]. The locations of the control points B; ; are estimated by minimizing error
in least squares sense. The approximation is refined to meet a user given tolerance
value by knot insertion [11]. Surface discontinuities are detected where rapid changes
in surface normal occur. B-splines are subdivided where discontinuities take place [6].

The obtained model data is represented both in procedural modeling language and
in standard product data exchange format (IGES) to be able to share the model with
other subsystems. Some of the obtained model primitives can be directly mapped
to primitive manufacturing operations in computer aided process planning (CAPP).
Rotationally symmetric parts can be mapped to a manufacturing stage performed on
a CNC lathe, for example. Novel manufacturing processes, such as MD* [17], can
fabricate very complicated shapes easily with less structural information. The process
planning is basically independent from part complexity because 3-D shapes are build
incrementally from cross-sectional layers. Each layer is then sprayed using a disposable
mask which has a shape of cross-section.

4 Examples

In this section we show some examples of building CAD models from simulated and
real range data. Constructed models of standard geometric and free-form shapes as
well as surfaces of arbitrary topology are shown. The test pieces are illustrated in
Figure 2 where the Cylindrical Pin is simulated data and the Face Mask image and the
Hand image are from NRCC [14] range image library.

a) b) c)
Figure 2: Example test data: a) The Cylindrical Pin is rotationally symmetric
shape, b) the Face Mask is a free form shape and c¢) the Hand is a free-form shape
with several branches.

Noise attenuation and especially outlier rejection are important to be able to ob-
tain reliable results from least squares fitting procedures. Robust RLTS filtering is
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performed to recover the signal structure from noisy observations. Filtering examples
are given in [8, 9].

2/3 Delaunay triangulation is performed on test data. Triangulations are employed
in modeling polygonal objects and irregular shapes where the surfaces may not be
smooth. Example triangulations of the Face Mask and Hand data are shown in Figure
3.

Figure 3: Delaunay triangulations of a) the Face Mask and b) the Hand data using
tolerance value 0.4 mm.

The superellipsoid model recovery is used to reveal global shape properties. The
obtained shape parameters are used as a hypothesis to invoke the appropriate model
building procedure. The superellipsoids for test pieces are depicted in Figure 4. The
shape parameters reveal the rotational symmetry of the Cylindrical Pin. The quality
of the fit is also high, hence surface of revolution modeling primitive is selected. The
quality of the fit is low for the Face Mask and the Hand data and they are modeled as
a collection of bounding surfaces.

Figure 4: The obtained superellipsoid models of the test pieces: a) the Cylindrical
Pin, b) the Face mask, and ¢) the Hand

The free-form surfaces are approximated by NURBS. The locus of the control points
is solved minimizing least squares error norm. Rectangular arrangement of tensor prod-
uct surfaces is not appropriate in all situations. Trimmed surfaces provide a convenient
engineering tool for modeling surfaces of arbitrary topology. Boundaries of the surface
are used to compute trimming curves which divide the surface into valid and invalid
parts. Approximating NURBS surfaces for test pieces are depicted in Figure 5. The
surface description is refined to meet user defined tolerance value by inserting knots
and, as a consequence, more control points. An example of the refinement by knot
insertion for a profile from the Face Mask is depicted in Figure 6.
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Figure 5: Approximating NURBS surfaces for the test pieces: a) The Cylindrical
Pin is modeled as a surface of revolution, b) the Face Mask is a tensor product
surface and, c) the Hand is a trimmed surface.
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Figure 6: A profile from the Face Mask data and its B-spline approximation (dotted
line) before (left) and after (right) the refinement by knot insertion. A tolerance
value of 1 mm is used. The corresponding error distances are depicted below.

The obtained model procedure which generates the part geometry is imported into
Alpha_1 [1] solid modeling system. Procedural models are able to convey information
about the part structure, for example, the rotational symmetry of the cylindrical pin.
Moreover, the surface intersection in the trimming operation for the Hand data is
described in the procedure and the intersection can be approximated only when needed:
less accurately for display purposes and very accurately for toolpath generation. A part
of a model procedure generating a solid of revolution and a part of the corresponding
IGES file are illustrated in Figure 7.

5 Conclusion

We presented a computer-aided engineering tool where an intelligent sensory system is
integrated into a design automation environment. The task at hand is to build an initial
geometric model of a part using 3-D sensor data. In particular, modeling of sculptured
shapes could benefit from rapidly produced geometric models. It is important that the
initial model can be modified because the design typically evolves.
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Figure 7: Model data for the Cylindrical Pin: a part of the Alpha_1 model (left),
and a part of the IGES description (right).

Physical measurements are subject to noise which must be attenuated without dis-
torting the underlying signal in order to make accurate model construction possible.
Data have to be acquired from several viewpoints and fused into a complete 3-D data
set in a common coordinate frame. The data interpretation is produced by fitting
models. Multiple representations are employed in order to model different shapes effi-
ciently. The aim is to obtain a representation of the part geometry using CAD modeling
primitives. The result is a procedural CAD model which is able to convey structural
information about the part in addition to low level geometric data. Furthermore, the
designer can modify the procedure and refine the model as the design evolves. The
model is translated to standard product data exchange format to facilitate concurrent
engineering.

The ongoing and future research is directed toward refining and extending the data
acquisition process in order to register free form shapes accurately. Furthermore, the
integration of engineering analysis tools into the system is under development.
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